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Abstract
Purpose: Our previous study using 123I-iodo-benzamide single photon emission computed
tomography (SPECT) showed a positive relationship in healthy adults between striatal
postsynaptic D2/D3 receptor availability and sleep duration in good sleepers. To further
investigate the role of dopamine (DA) in the sleep–wake cycle, we explored the correlation
between presynaptic dopamine transporter (DAT) availability and sleep quality in healthy
volunteers.
Methods: A total of 83 healthy volunteers (33 males, 50 females; mean age, 34.62 years),
including 39 good sleepers and 44 poor sleepers, were recruited. The sleep quality was
assessed using the Pittsburgh Sleep Quality Index (PSQI). Striatal DAT availability was
determined by 99mTc-TRODAT-1 SPECT, and the DAT availability in the good and poor
sleepers was compared. Furthermore, the correlation between PSQI and DAT availability was
analyzed.
Results: There was no significant difference in DAT availability between the good and poor
sleepers. No significant relationship was found between the global score or individual-
component PSQI scores and DAT availability in the good sleepers. However, the sleep duration
component score in the poor sleepers negatively correlated with DAT availability in the caudate
(ρ=−0.31, P=0.049).
Conclusions: The study demonstrates that healthy poor sleepers, with a lower DAT availability in
the caudate, sleep for a shorter length of time. This suggests that a decrease in DA reuptake
due to reduced DAT availability causes a shorter sleep duration in poor sleepers.
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Introduction

Sleep and wakefulness are regulated by complex neuro-
biologic mechanisms and several neurotransmitters

modulate the sleep–waking state. Growing evidence from

animal studies and clinical patient data indicates an
important role for dopamine (DA) in sleep regulation [1],
specifically, its wake-promoting action. A recent rat study,
for example, showed higher extracellular DA levels in the
striatum during awake periods compared to sleep periods
[2], and dopamine transporter (DAT)-knockout mice have
been shown to be hyperactive and have sleep abnormalitiesCorrespondence to: Yen Kuang Yang; e-mail: ykyang@mail.ncku.edu.tw



[3]. Most human evidence comes from patients with a
compromised DA system, such as sleepiness in patients
suffering from Parkinson’s disease, which is characterized by
loss of dopaminergic neurons [4]. The influence of DA seems
to be sustained because DA neuron firing is not significantly
altered during the sleep–wake cycle. In addition, as DA
receives little interference with other neurotransmitters, it may
play the seminal role in the sleep cycle [5].

Currently available evidence suggests that DA is neces-
sary for the maintenance of alert waking [2], and increased
DA neuronal discharge activity has been observed in
animals during active waking [2]. Amphetamine-like stimu-
lants, the most potent of wake-promoting agents, increase
wakefulness by either blocking DA reuptake via DAT, by
stimulating DA release, or both [6]. To date, however, only a
limited number of studies have examined the role of DA in
modulating the sleep–wake cycle in healthy humans. A
better understanding of the role of DA in sleep–wake
regulation in healthy subjects would be invaluable because
sleep disorders are becoming increasingly prevalent and are
a public health concern [6]. This knowledge may also
contribute to the development of new treatments for
insomnia.

Owing to the development of new radiopharmaceuticals,
it is now possible to image the DA system in vivo. In our
previous study, we observed a correlation between striatal
postsynaptic dopamine D2/D3 receptor availability and sleep
duration in healthy adults using 123I-iodo-benzamide single
photon emission computed tomography (SPECT) [7]. To
further investigate the role of DA in the sleep–wake cycle,
we explored the correlation between presynaptic DAT
availability and sleep quality in healthy volunteers.

Subjects and Methods
Ethics

The ethics committee for human research at the National
Cheng Kung University Hospital approved the study proto-
col. Before any procedure was performed, informed consent
was obtained from all volunteers.

Subjects

We recruited healthy adult volunteers from the local
community by advertising in a local newspaper. Most of
the volunteers had been enrolled in previous studies as
healthy controls. The exclusion criteria in this study were:
mental illness, pregnancy, any past or present medical or
neurological disorder, alcohol or substance abuse, neuro-
psychological or medical conditions that can alter sleep, use
of hypnotics during the previous 2 weeks, and a history of
head trauma with loss of consciousness. The presence of
mental illness was assessed by a senior psychiatrist using the
Chinese version of the Mini International Neuropsychiatric
Interview [8]. In addition, all subjects were administered the

Chinese version of the Pittsburgh Sleep Quality Index
(PSQI) to determine sleep quality [9].

In addition, all subjects underwent brain MRI and those
subjects with abnormal brain MRI findings were excluded.
Brain SPECT imaging was also performed using 99mTc-[2
[[2-[[[3-(4-chlorophenyl)-8-methyl-8-azabicyclo[3,2,1]-oct-
2-yl]-methyl](2-mercaptoethyl)amino]ethyl]amino]ethane-
thiolato(3-)-N2,N2_,S2,S2]oxo-[1R-(exo-exo)] (99mTc-TRO-
DAT-1) SPECT to assess DAT availability. None of the
subjects were taking medication at the time of the study. The
Chinese version of the PSQI has been documented as a
reliable and valid instrument [10]. All participants completed
the PSQI and 99mTc-TRODAT-1 SPECT assessment on two
consecutive days.

99mTc-TRODAT-1 SPECT

Each subject was intravenously administered 740 MBq
(20 mCi) of 99mTc-TRODAT-1 (Institute of Nuclear Energy
Research, Lungtan, Taiwan) in a quiet environment at
approximately 10 min after the intravenous line was set up.
The brain SPECT images were acquired 240 min after the
injection using a triple-head gamma camera with ultra-high-
resolution fanbeam collimators (Multispect3; Siemens, Hoff-
man Estates, IL, USA), which yielded an image resolution of
approximately 8.5 mm full-width at half maximum. The
SPECT data were acquired over a circular 360° rotation in
120 steps, 50 s per step, in a 128×128×16 matrix. Images
were reconstructed by filtered back projection using a
Butterworth filter (cut-off frequency, 0.4 Nyquist; power
factor, 7) with attenuation correction by the method of
Chang [11]. The reconstructed transverse images were
realigned parallel to the canthomeatal line. The slice thick-
ness of each transverse image was 2.89 mm.

We used a set of standard region-of-interest (ROI)
templates to define the caudate, putamen, striatum (i.e.,
caudate plus putamen), and the frontal and occipital regions
for the measurement of striatal TRODAT-1 binding. The six
consecutive transverse slices that best visualized the striatum
were combined. An experienced nuclear medicine specialist
manually positioned the template on the transverse TRO-
DAT-1 images of each subject without changing the size or
shape of the ROIs. The average counts from the frontal and
occipital regions were used to determine the nonspecific
activity. The specific striatal TRODAT-1 binding (which
represents striatal DAT availability) was calculated as the
average count in the striatal ROI (including the caudate,
putamen, and striatum) minus the average count from the
frontal and occipital regions divided by the average count in
the frontal and occipital regions.

Chinese Version of the Pittsburgh Sleep Quality
Index

The PSQI is a widely used, self-administered questionnaire
for evaluating sleep quality during the previous month. The
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sum of seven component scores (including subjective sleep
quality, sleep latency, sleep duration, sleep efficiency, sleep
disturbance, use of sleep medications, and daytime dysfunc-
tion) yield a global PSQI score ranging from 0 to 21, with
higher scores indicating poorer sleep quality. A global PSQI
score higher than five has a diagnostic sensitivity of 90%
and specificity of 87% in distinguishing good from poor
sleepers [9]. We adopted the PSQI because of its high test–
retest reliability [12], lack of first-night effect, high
correlation with sleep log data [12], and validated values
for determining sleep duration, sleep-onset latency, and
sleep efficiency [13]. The internal consistency (Cronbach’s
alpha) of the PSQI for this sample was 0.60 in our
institution.

Statistical Analysis

To analyze the differences between good and poor sleepers
in terms of age, PSQI score, and striatal DAT availability
(including the caudate, putamen, and striatum), the Student’s
t test was employed. Chi-square analyses were used to
compare the differences in the distribution of gender and
educational level between the good and poor sleepers.
According to the results of our previous study [14], body
mass index (BMI), rather than age, should be considered as a
covariate when measuring striatal DAG availability. There-
fore, partial correlations between PSQI score and striatal
DAT availability (including the caudate, putamen, and
striatum) in the good and poor sleepers were analyzed after
removing the effects of BMI and gender. Hochberg’s
sharpened Bonferroni correction was applied by adjusting
the overall type I error rate of 0.05 (two-tailed) for multiple
comparisons [15]. All analyses were performed using SPSS
15.0 for Windows (SPSS Inc., Chicago, IL, USA).

Results
A total of 83 subjects, 33 healthy males and 50 healthy
females, were recruited. The mean age of the 83 participants
was 34.62 (±SD=12.94)years. According to the results of
the PSQI, 39 good sleepers and 44 poor sleepers were
included in this study.

Statistical analyses showed that the poor sleepers had
significantly higher PSQI scores compared to the good
sleepers. Except for differences in gender, there were no
significant differences in age, DAT availability (including
the caudate, putamen, and striatum), and educational level
between the two groups (Table 1).

After partialling out BMI [14] and gender effects, no
significant correlation was found between PSQI score
(including global and individual-component scores) and
DAT availability in the good sleeper group. However, in
the poor sleeper group, there was a significant negative
correlation between DAT availability in the caudate and
sleep duration score (ρ=−0.31, P=0.049; Table 2c). This
indicates that healthy poor sleepers with a lower striatal

DAT availability in the caudate sleep for a shorter length of
time.

Discussion
DA modulates many vital physiological functions such as
movement, motivation, cognition, reward, emotional behav-
ior, and neuroendocrine regulation [16]. DA has not been
traditionally considered a modulator of the sleep–wake
cycle because midbrain DA neurons do not display robust
alterations in the firing rate between sleeping and waking
[17]. However, there exists compelling evidence of DA’s
modulation of the arousal state. This evidence arises
primarily from animal studies and from patient data. Our
previous study investigated the relationship between striatal
postsynaptic dopamine D2/D3 receptor availability and
sleep quality in healthy adult humans. Our previous results
showed that healthy good sleepers, with a lower D2/D3

receptor availability in the caudate, slept for a shorter
length of time [7]. Because high doses of dopamine
agonists cause arousal via the postsynaptic receptors, we
interpreted that the shorter sleep duration in healthy good
sleepers was the result of a higher synaptic level of
dopamine. A later study by Volkow et al. in healthy
volunteers demonstrated decreased D2/D3 receptor radio-
ligand binding in the striatum after one night of sleep
deprivation. They concluded that an increase of DA in the
synaptic cleft was needed to maintain wakefulness after
sleep deprivation [18]. Therefore, their findings were
consistent with our previous work.

The current study also demonstrates a role of DA in
modulating the sleep–waking state; i.e., healthy poor
sleepers with a lower presynaptic DAT availability in the
caudate sleep for a shorter length of time. DAT is the target
for most wake-promoting medications [6]. Nishino et al.,
using canines and DA uptake inhibitors, showed that
presynaptic activation of DA transmission was a key
pharmacological property mediating the wake-promoting
effects of currently available CNS stimulants. In addition,
presynaptic modulation of DA is critical in the control of
wakefulness [19]. Dopamine is cleared from the synaptic
cleft via presynaptic DAT, and DAT plays a crucial role in
the regulation of extracellular DA [20, 21]. A 300-times
slower clearance of released DA was observed in DAT-
knockout homozygous mice as compared with control mice,
and elevated extracellular levels of DA were observed in the
former [21]. These mice demonstrated a significant increase
in wake time and a reduction in non-REM sleep [3]. Mice
lacking the DAT gene are also easily aroused [22]. Even
fruit flies with a genetic lesion in the DAT gene exhibited
reduced sleep and a decreased arousal threshold [23]. Based
on these animal studies, we considered that a lower DAT
availability indicates a lower DA reuptake by DAT; there-
fore, these poor sleepers have shorter sleep duration. An
interesting recent study, using TRODAT-1 SPECT to
explore influence of sleep deprivation in healthy volunteers,
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showed a negative correlation between DAT availability and
slow-wave sleep (SWS) latency in the recovery nights after
total sleep deprivation. It was speculated that reduced SWS
latency might be related to augmentation of SWS activity in

the recovery nights [24]. All of the above findings indicate a
role for DAT in maintaining wakefulness.

Both our previous postsynaptic D2/D3 receptor study and
the current presynaptic DAT study reveal that the DA level

Table 1. Demographic data of the healthy participants (n=83)

Characteristic Mean (SD) t/x2 P

Good sleepers (n=39) Poor sleepers (n=44)

Demographic
Age, years 33.21 (12.07) 35.86 (13.69) −0.93 0.35
Gender 4.08* 0.04
Male, n (%) 20 (51.3) 13 (29.5)
Female, n (%) 19 (48.7) 31 (70.5)
Educational level 1.36 0.24
Senior high school and below, n (%) 4 (16.7) 8 (30.8)
College and above, n (%) 20 (83.3) 18 (69.2)
PSQI score 3.51 (1.35) 7.73 (1.86) −11.89** 0.00
Subjective sleep quality 0.82 (0.60) 1.43 (0.70) −4.29** 0.00
Sleep latency 0.79 (0.73) 1.84 (1.10) −5.04** 0.00
Sleep duration 0.51 (0.60) 1.20 (0.73) −4.66** 0.00
Habitual sleep efficiency 0.05 (0.22) 0.34 (0.68) −2.67* 0.01
Sleep disturbances 0.90 (0.45) 1.36 (0.61) −3.99** 0.00
Use of sleeping medication 0.00 (0.00) 0.30 (0.70) −2.79** 0.01
Daytime dysfunction 0.62 (0.59) 1.20 (0.67) −4.24** 0.00
Dopamine transporter availability
Striatum 2.44 (0.25) 2.44 (0.28) 0.04 0.97
Caudate 2.62 (0.28) 2.63 (0.31) −0.10 0.92
Putamen 2.25 (0.23) 2.25 (0.27) 0.09 0.92

PSQI Pittsburgh Sleep Quality Index
**PG0.05; **PG0.01

Table 2. Correlation between dopamine transporter availability and PSQI in all participants (A), good sleepers (B), and poor sleepers (C) after partialling out
BMI and gender

Characteristic Dopamine transporter availability

Striatum Caudate Putamen

ρ P Pc ρ P Pc ρ P Pc

(A) In all participants
PSQI −0.05 0.665 0.008 −0.03 0.782 0.008 −0.08 0.454 0.010
Subjective sleep quality 0.03 0.759 0.007 0.08 0.470 0.013 −0.01 0.899 0.006
Sleep latency −0.07 0.544 0.010 −0.01 0.933 0.006 −0.13 0.235 0.025
Sleep duration −0.15 0.189 0.050 −0.17 0.137 0.050 −0.15 0.177 0.050
Habitual sleep efficiency −0.08 0.501 0.013 −0.09 0.426 0.017 −0.05 0.639 0.008
Sleep disturbances 0.00 0.998 0.006 0.02 0.865 0.007 −0.04 0.753 0.007
Use of sleeping medication 0.09 0.436 0.017 0.08 0.491 0.010 0.09 0.421 0.013
Daytime dysfunction 0.13 0.247 0.025 0.11 0.330 0.025 0.13 0.245 0.017
(B) Good sleepers
PSQI −0.16 0.342 0.025 −0.14 0.399 0.017 −0.18 0.298 0.025
Subjective sleep quality −0.10 0.555 0.010 −0.05 0.785 0.010 −0.15 0.373 0.017
Sleep latency −0.12 0.470 0.017 −0.08 0.644 0.013 −0.12 0.471 0.013
Sleep duration 0.01 0.931 0.007 −0.03 0.876 0.008 −0.02 0.909 0.007
Habitual sleep efficiency −0.11 0.521 0.013 −0.16 0.343 0.025 −0.09 0.578 0.010
Sleep disturbances 0.02 0.907 0.008 0.01 0.971 0.007 0.03 0.863 0.008
Use of sleeping medicationa – – – – – – – – –
Daytime dysfunction 0.22 0.193 0.050 0.17 0.302 0.050 0.26 0.123 0.050
(C) Poor sleepers
PSQI −0.03 0.849 0.007 0.02 0.921 0.006 −0.11 0.501 0.013
Subjective sleep quality 0.15 0.334 0.025 0.22 0.170 0.025 0.08 0.599 0.008
Sleep latency −0.05 0.769 0.008 0.05 0.776 0.008 −0.17 0.295 0.025
Sleep duration −0.30 0.055 0.050 −0.31b 0.049 0.050 −0.27 0.087 0.050
Habitual sleep efficiency −0.08 0.622 0.010 −0.09 0.588 0.010 −0.04 0.779 0.006
Sleep disturbances −0.01 0.959 0.006 0.04 0.796 0.007 −0.08 0.636 0.007
Use of sleeping medication 0.14 0.374 0.017 0.13 0.407 0.017 0.13 0.396 0.017
Daytime dysfunction 0.12 0.446 0.013 0.12 0.432 0.013 0.08 0.595 0.010

PSQI Pittsburgh Sleep Quality Index, Pc P with Hochberg’s sharpened Bonferroni correction
aBecause the scores at this subscale were constant in all good sleepers, the results were not shown
bSignificance at the study-wise type I error rate of 0.05 (two-tailed) after adjustment (PGPc)
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in the caudate is related to sleep in healthy adults. Additional
support for our findings, regarding the importance of the
caudate in modulating sleep, can be found in the literature.
In the 1950s, low-frequency stimulation studies demonstra-
ted that the caudate nucleus regulated the waking–sleep
cycle [25, 26]. In cats, removal of the caudate led to a
month-long reduction in SWS [27]. An additional human
imaging study demonstrated hypoperfusion of the caudate in
narcoleptics with cataplexy [28].

Neither our previous work nor our current study showed
a difference in either postsynaptic D2/D3 receptor avail-
ability or presynaptic DAT availability between good and
poor sleepers. Furthermore, postsynaptic D2/D3 receptor
availability correlates with sleep duration in good sleepers
while presynaptic DAT availability correlates with sleep
duration in poor sleepers. Because only D2/D3 receptor
availability or only DAT availability was assessed, our
results may have been caused by changes in D2/D3 receptor
density, DAT density, or synaptic DA level, and further
studies are needed to evaluate the level of DA at the synapse
(for example, through the use of the occupancy model [29]).
Nevertheless, our studies may indicate different roles of the
D2/D3 receptor and DAT in regulating sleep duration in
good and poor sleepers, respectively, and these results
warrant further DA imaging studies to investigate sleep
disorders.

Conclusion
This in vivo study reveals that healthy poor sleepers, with a
lower striatal presynaptic DAT availability, sleep for a
shorter length of time. In addition, we have demonstrated
that DAT is involved in modulating the sleep–wake cycle
and our results warrant further use of DA imaging studies to
investigate sleep disorders.
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